Mitochondrial mutations have previously been reported anecdotally in families with maternally inherited, nonsyndromic hearing impairment. To ascertain the contribution of mitochondrial mutations to postlingual but early-onset, nonsyndromic hearing impairment, we screened patients collected from within two different populations (southern Italy and UK) for previously reported mtDNA mutations associated with hearing disorders. Primer extension (SNP analysis) was used to screen for specific mutations, revealing cases of heteroplasmy and its extent. The most frequently implicated tRNA genes, Leu(UUR) and Ser(UCN), were also sequenced in all Italian patients. All tRNA genes were sequenced in those UK patients showing the clearest likelihood of maternal inheritance. Causative mtDNA mutations were found in approximately 5% of patients in both populations, representing almost 10% of cases that were clearly familial. Age of onset, where known, was generally before adulthood, and hearing loss was typically progressive. Haplogroup analysis revealed a possible excess of haplogroup cluster HV in the patients, compared with population controls, but of borderline statistical significance. In contrast, we did not find any of the previously reported mtDNA mutations, nor a significant deviation from haplogroup cluster frequencies typical of the control population, in patients with late adult-onset hearing loss (age-related hearing impairment) from the UK or Finland.
Introduction
Many previous reports in the literature have identified maternal pedigrees with mitochondrial DNA mutations, associated with a phenotype of isolated sensorineural hearing impairment (nonsyndromic deafness) among most or all affected individuals in the family. The most commonly reported such mutations are A1555G, 1 A7445G, 2, 3 7472insC, 4, 5 as well as A3243G, 6, 7 which is also found in families with more severe, syndromic disease. Assignment of these mutations as pathological is based upon their absence from unaffected families, their ability to produce a biochemical phenotype in cultured cell models such as rho-zero cybrids and demonstrable effects on mitochondrial protein synthesis. 8 -13 A number of other mutations in tRNA Ser(UCN) , that is, T7510C, 14, 15 T7511C 16, 17 and T7512C, 18 as well as one other mutation in 12S rRNA (C1494T) 19 have been reported in cases of similar phenotypes (syndromic hearing impairment in the case of T7512C). The latter tRNA, as well as tRNA Leu(UUR) , may be hotspots for such mutations, although other tRNAs have not been systematically excluded.
Other studies have attempted to evaluate the contribution of these mutations to hearing disorders more generally, by screening defined groups of patients for one or more of them. However, most such studies are difficult to interpret, either because the patient selection criteria were too imprecise, or alternatively too narrow (eg focusing only on families with probable maternal inheritance of hearing impairment), or else only a subset of the above mutations was investigated. In addition, virtually all previous studies have been conducted in localized populations so that their wider relevance is unclear. Although the contribution of mtDNA mutations to congenital (prelingual, early childhood onset) deafness is minor, 20, 21 mitochondrial involvement in the much larger group of patients with postlingual hearing impairment, that is, with onset during childhood or early adulthood, 22, 23 whether familial or sporadic, has not been studied systematically. Modern populations can be stratified according to their membership of ancient matrilineal clans defined by founder polymorphisms in mtDNA. These haplogroups and their deepest branches (haplogroup clusters) show subtle differences between populations, 24 for example, east-west and north-south clines within Europe (Western Eurasia). Previous authors have reported associations between specific haplogroups or haplogroup clusters and a variety of disorders, including male infertility, 25 Parkinson's disease, 26 Alzheimer's and other types of dementia 27, 28 and multiple sclerosis, 29 as well as with longevity in different populations. 30, 31 Not all these studies are congruent, however, and virtually no evidence is available to support a specific functional role in pathogenesis of polymorphisms characteristic of, or unique to, specific haplogroup backgrounds.
In the present study, we have analysed groups of patients with postlingual, nonsyndromic hearing impairment from different European populations, for evidence of mtDNA involvement in their disorder, looking both at known pathogenic mutations and haplogroup affiliations. For comparison, we also studied Finnish patients with agerelated hearing impairment (ARHI).
Materials and methods

Patients and controls
Patients with nonsyndromic hearing impairment were recruited to the study via advertising in the newsletter of a patient organization (UK), via referrals from collaborating clinicians (Italy), or upon first attendance at an ENT clinic for fitting a hearing aid (Finland). Criteria for patient selection and other kinds of information obtained from questionnaires, clinical examination, clinical records and self-report are indicated, where relevant, under Results. All work with patients was conducted with informed consent, and with approval of the local Ethical Committee (Pirkanmaa Health District, Finland, decision R02138 of 5.11.02). UK controls were, like the patients, Caucasian adults, being mainly parents of cystic fibrosis sufferers, whose hearing was not specifically investigated. Italian controls were blood donors collected from the same geographical region as the patients.
DNA extraction
DNAs were extracted from blood or hair samples using standard methods. Blood samples collected in Finland were anonymously coded, then aliquoted and archived at À801C. DNA was extracted from 200 ml aliquots of frozen blood using the Nucleospin96 DNA extraction kit (Macherey-Nagel) on a Tecan Genesis RP 100 pipetting robot, under the manufacturer's recommended conditions.
PCR and analytical procedures
Segments of mitochondrial DNA of 200 -1100 bp were amplified using custom primers, gel purified where necessary, and analysed by direct sequencing or primer extension (SNP analysis), using additional, appropriate primers. Among the UK cases, 70% had a strong family history (affected first-degree relatives). In southern Italy, recruitment of patients was via clinicians. Apart from the fact that all patients had postlingual hearing impairment, there were no specific inclusion criteria applied to the Italian patients, although 40% of cases were familial. All patients were prescreened for connexin-26 mutations (GJB2 35delG, in some cases the entire GJB2 coding region) and were found to be negative. For the UK patients, questionnaire responses and medical records allowed us to ascertain details such as the age of onset and nature of hearing impairment, although in some cases only anecdotal information on distant relatives, particularly of older generations, could be obtained. The average age of onset of hearing loss was spread across all ages (data not shown). Almost all subjects reported their hearing loss to be bilateral and progressive, which was confirmed from medical records where available. Audiograms were obtained for over half of the subjects, most of which were downsloping, that is, with the higher frequencies most affected. Of those with deaf parents plus other affected relatives, there was a marked preponderance of uniquely maternal over uniquely paternal family history (41:20 families), strongly suggesting a mitochondrial aetiological component.
Genetic analysis was finally conducted on blood DNAs from 80 individuals from different UK families, 10 of whom were classed as sporadic cases. Among the Italian patients, mutation data were obtained from blood DNAs of 165 unrelated patients, but due to the small quantities of DNA available and poor quality in some cases, not all analyses were successful for every sample.
Causative mtDNA mutations in UK patients
We screened all 80 individuals from the UK sample for the previously reported mtDNA mutations 961delT, A1555G, A3243G, A7445G, 7472insC, T7510C, T7511C and T7512C. In addition, all 22 tRNAs were sequenced from the 15 cases most clearly showing an inheritance pattern consistent with a mitochondrial aetiology. Six cases of previously reported mutations were revealed (Table 1) , comprising five among the 41 families showing uniquely Figure 1 Frequencies of major mtDNA haplogroup clusters in different groups of patients with nonsyndromic, sensorineural hearing impairment, compared with appropriate population controls. Haplogroups and haplogroup clusters were defined essentially according to the scheme of Macaulay and Richards. 24, 32, 33 Haplogroup cluster HV includes those in rare HV or pre-HV haplogroups with 11719G. Haplogroup cluster UK includes all those with 12308G and no other detected polymorphisms diagnostic for another haplogroup outside cluster UK. Haplogroup cluster TJ includes all those with 16126C and either 16069T or 16294T, but no other detected polymorphisms diagnostic for another haplogroup outside cluster TJ. Haplogroup cluster N includes all those with 16223T, 12705T or both, plus haplogroup-specific polymorphisms indicative of haplogroups N1a, N1b, I, W, X or Y (no representatives of haplogroups A or N9, which also belong to this cluster, were detected) and no other detected polymorphisms diagnostic for another haplogroup outside cluster N. 'Other' represents all other haplogroups, comprising the African/East Asian supercluster L3* defined by 10873C, plus any assigned to haplogroups B and F. The small number of samples (o2%) giving conflicting data incompatible with the scheme of Macaulay and Richards were discarded from the analysis. Most likely these represent cases belonging to the major clusters, but with rare or private mutations or back-mutations at sites normally considered diagnostic. Population controls were from this study (UK), or as reported earlier by Niemi et al 31 for Finnish adult controls from Tampere region (haplogroup frequencies in the same samples were verified by us using the above scheme), or De Benedictis et al 30 for southern Italy. For statistical analysis, the frequency of haplogroup cluster HV in the Italian sample was adjusted upwards to 45% according to our own analysis of 182 independent population controls at np 11719, and the proportion of 'other' adjusted downwards to 7% in compensation. Representative of these rare haplogroups from the HV cluster accounted, similarly, for 5% (6/123) of the southern Italian patients with postlingual hearing impairment.
maternal family history (two cases of A1555G, one each of T7510C, A7445G and A3243G), plus one case of 7472insC (B70% heteroplasmy in blood) in a patient classified as sporadic. Although the mother of the latter also carried the mutation at a similar level of heteroplasmy in blood, her hearing was apparently normal, as was her brother's. The 7472insC patient had progressive hearing loss from age 5 years. The possible involvement of aminoglycosides in the A1555G families was unclear, but both showed unaffected as well as affected members, the latter having severe to profound, progressive deafness with a downsloping audiogram, and age of onset in the second or third decade. The A3243G family had several members affected by moderate to severe deafness, with age of onset between 10 and 30 years, but with no reports of MELAS or other symptoms. The mutation is known to be under-represented in blood, but heteroplasmy could not be ascertained in other tissues, for ethical reasons. All maternally related individuals in the A7445G family (of Ukrainian origin) had a moderate to severe hearing loss, which began between the ages of 5 and 30. The T7510C family also showed a moderate to severe hearing loss, mostly at the higher frequencies, although the age of onset varied widely, from 1 year to midadulthood.
Four instances of other mtDNA polymorphisms came to light, which might play a role in the phenotypes observed. The novel polymorphism A5568G (tRNA Trp ) was found in a multigenerational family with hearing impairment that was found subsequently also to have hypopigmentation, apparently transmitted only through females. Mutations in nuclear genes PAX3 and MITF, which have previously been associated with such a phenotype, were excluded. The mutation was absent from 4150 controls and alters to G -U a Watson -Crick base-paring in the T-stem of the tRNA, which is conserved across all vertebrates, suggesting that it may be pathogenic. Another individual with adult-onset, progressive hearing impairment, plus maternal family history, was found to harbour the novel polymorphism G5773A (tRNA Cys ). This was absent from 143 controls, but the affected nucleotide is not highly conserved, and its functional significance is thus unclear. A7456G (T-stem of tRNA Ser(UCN)
) was found in a single patient with childhood-onset hearing impairment, who subsequently was found also to have diabetes mellitus and colour blindness, but no family history. The mutation was absent from over 150 controls, but strengthens rather than abolishes a base-pairing interaction; therefore, its significance is unpredictable. Finally, the T4336C polymorphism, previously suggested to be a risk factor in Alzheimer's and Parkinson's diseases, 34 as well as having been reported in families with matrilineal hearing impairment in Finland, 35 was found in two families, one of which also carried T7510C. While this may be a harmless polymorphism, having been found in 0.7% of US controls 36 The two cases of A7445G also occurred as homoplasmic mutations on different haplogroup backgrounds (T and J). The mother of one of the patients was also reported to have postlingual hearing loss and was found to be homoplasmic for the mutation. The patient with 7472insC was initially found to have only approximately 10% heteroplasmy in blood for the mutation, based on direct sequencing. Although it has not previously been found in controls, and might also be systematically underrepresented in blood, we checked for it in other tissues, using a quantitative, primer extension approach. Hair roots from the patient carried 42% mutant mtDNA, whereas lymphocytes, urine and cultured fibroblasts showed much lower heteroplasmy levels (15, 11 and 11%, respectively). Since other studies have shown the mutation to be clearly pathogenic, with the most severely affected individuals showing, in addition to hearing impairment, widespread neurological disease including ataxia and myopathy, we infer that the patient's moderate, adult-onset hearing loss is most likely due to variable tissue heteroplasmy for the mutation.
No novel polymorphisms that are strong candidates for pathogenicity were found among the southern Italian patients. T3197C, found in four patients from two different haplogroups, appears to be a rare polymorphism. The same probably applies to 3159insT, which was found in three patients, two of whom were verified as haplogroup U1. G7521A is potentially more interesting, since it may affect the structure of both tRNA Asp and pre-tRNA Ser(UCN) and, to our knowledge, has previously been reported only as a rare polymorphism in nonEuropean haplogroups. We found it in three patients, one of whom was from haplogroup L2a, the others both haplogroup J1a and carrying the same D-loop polymorphisms, although they were not known to have been relatives.
Haplogroup analysis of hearing-impaired patients from UK and southern Italy
To check whether there was any distortion in the representation of the different mtDNA haplogroups among the patients studied, in comparison with population controls, we analysed informative sites in the mitochondrial genome using a combination of PCR, direct sequencing and primer extension (SNP analysis). Haplogroup assignments were based on the scheme proposed by Macaulay and Richards 24, 32, 33 (see Materials and methods and legend to Figure 1 ). Samples that gave incomplete or uninterpretable results, or where no DNA was available, were excluded. Since total sample numbers were small, we analysed and present the data (Figure 1 ) in terms of the major European haplogroup clusters. We were able to define the haplogroup cluster for 123 of the Italian samples, and for 59 of those from the UK. Controls have been previously analysed from both populations, but we co-analysed 149 controls from the UK, as well as 182 from southern Italy (see below), to control for any possible systematic bias in the way we conducted the analysis. An excess of haplogroup cluster HV was evident in both groups of patients compared with population controls, although it was more modest among the Italians. Among the 59 patients from the UK, the excess of patients from haplogroup cluster HV (62 versus 45% in controls) was reflected by a corresponding deficit of those from haplogroup cluster UK (16 versus 26% in controls). However, because of low sample numbers, these differences are not statistically significant, based on w 2 testing.
Previous analysis of southern Italian controls 30 analysed and stratified the data in a slightly different way than in our analysis. RFLPs were used diagnostically, and individuals from the HV haplogroup cluster who were neither H nor V, but representatives of earlier branches of the cluster more commonly found in the near East than in Europe, 33 were presumably placed in the 'other' category', together with those from African or East Eurasian haplogroups, or rarer haplogroups from the N cluster. The apparently significant excess of haplogroup cluster HV among the patients we analysed, over the previously published population controls (54 versus 41%, Po0.05), is mainly compensated by a drop in this heterogeneous 'other' category. To determine whether it was purely an artefact of the different way the previous authors had categorized haplogroup affiliations, we tested 182 controls from the southern Italian population for membership of the HV haplogroup cluster, using the diagnostic site at np 11719 to generate the most inclusive definition thereof. We found 82/182, that is, 45% of southern Italian controls, to derive from haplogroup cluster HV, and used this to adjust the published figures by re-assigning a low proportion of 'other' haplogroups to cluster HV. After this adjustment, the P-value extrapolated from w 2 testing rises to slightly above 0.05, and thus the excess of haplogroup cluster HV would no longer be considered significant.
mtDNA mutations in patients with age-related hearing impairment Although the patients collected both in Italy and in the UK included some with ages of onset in mid-to late adulthood, all of the cases of causative mtDNA mutations that came to light showed age of onset in childhood or early adult life. This prompted the question as to whether the same mutations are found among the even larger group of patients who first present with hearing loss in late adulthood (ie with ARHI), which affects B20% of the population already between 51 and 60 years of age. 22 To address this issue, focusing on the more clinically severe cases of ARHI, we collected blood DNAs from a series of adult patients attending the ENT clinic of a regional hospital in Finland for first fitting of a hearing aid. The patients typically ranged from 60 to 90 years of age. We tested A1555G and A3243G by primer extension (SNP analysis), in order to maximize the chances of detecting low-level heteroplasmy, and sequenced the genes for tRNA Leu(UUR) and tRNA Ser(UCN) together with their flanking regions. No instances of any of the known, causative mtDNA mutations were found at a detectable level of heteroplasmy, among the following numbers of patients screened: 0/227 for A1555G, 0/313 for A7445G, 7472insC or any other mutations in tRNA Ser(UCN) and 0/221 for A3243G or any other mutations in tRNA Leu(UUR) . We also analysed haplogroup affiliations in these patients, for evidence of the same distortion in favour of haplogroup cluster HV as seen in patients from the UK or southern Italy with postlingual hearing impairment. The results for 172 patients (median age 76 years, mean 73.6), which we could definitively assign to a specific haplogroup cluster (Figure 1 ), indicate instead a slight but statistically nonsignificant deficiency of haplogroup cluster HV (46%) compared with published data 31 for the relevant control population (55%) or unpublished data collected by others (A Sajantila, personal communication). We also found no significant deviations from population controls of haplogroup cluster frequencies among UK patients with late adult-onset hearing loss (data not shown).
Discussion
Pathogenic mtDNA mutations in patients with postlingual, nonsyndromic hearing impairment Previous authors have found the major pathogenic mutations A1555G, A3243G, A7445G, 7472insC and T7510C both in individual maternal pedigrees with early-onset, progressive hearing impairment and in screens of hearingimpaired patients classified in various ways. This study is the first one, however, which has looked systematically for all of these mutations in patients with postlingual hearing impairment, from two different European populations. Despite the slightly different criteria used for patient recruitment, the results are strikingly concordant: in both groups, approximately 5% of patients had one of the previously identified, pathogenic mtDNA mutations (7.5% of UK patients, 4.2% of Italian patients), which rises to almost 10% of clearly familial cases in both populations. The only positives among nonfamilial cases were the two instances of 7472insC, both heteroplasmic. Patients with pathogenic mtDNA mutations had ages of onset before 30, with several in childhood, and typically showed progression of the disorder. However, we would argue that restricting too narrowly the criteria for the identification of patients with mitochondrial hearing impairment will inevitably lead to some such individuals being missed. Most modern-day European families are small and dispersed. Moreover, environmental factors such as aminoglycosides are known to play a role in expression of the clinical phenotype, at least for A1555G. Verifying progression of the phenotype requires that the patient be tested using the same protocol at different times, which is not necessarily feasible or likely.
Although there is currently no therapy available for mitochondrial hearing impairment, this will not necessarily be so in the future. Future therapeutic developments may be of value to patients identified in the present, having a progressive disorder. In addition, genetic counselling will be appropriate. We therefore recommend that all patients with postlingual hearing impairment be routinely screened for A1555G, A3243G, and for all known causative mutations affecting tRNA Ser(UCN) , certainly including those that were found in our survey. Because of the tendency for hearing-impaired individuals to marry each other, the presence of a hearing disorder in the father or paternal relatives should not be taken as an exclusion criterion. Since A1555G has also been reported in patients with prelingual deafness, 1, 21 we suggest that screening might usefully be applied routinely to all individuals with unexplained hearing impairment, with age of onset in infancy, childhood or early adulthood.
Heteroplasmy for 7472insC
The 7472insC mutation was previously reported in patients with nonsyndromic hearing impairment, 5 as well as in other patients with a wider neurological syndrome, 4 in both cases at a high level of heteroplasmy, typically 485%.
In this study, we found two cases of the mutation at a lower level of heteroplasmy (in one case B70% in blood, the other 42% in hair roots and even less in blood), but with sensorineural hearing impairment as the only feature. Some unaffected relatives showed a similar level of heteroplasmy, raising the possibility that other mutations might contribute to the expression of the mutant phenotype in such cases. However, heteroplasmy for the mutation should clearly be considered and screened for in patients with hearing impairment.
Frequency of A1555G among patients with progressive, postlingual hearing impairment Our findings are in line with most other reports of the frequency of A1555G among Europeans with familial hearing impairment, 21, 38, 39 but strikingly different from studies conducted in Spain, where A1555G has been found at a much higher frequency, up to B25% of individuals with late-onset, familial, progressive hearing impairment. 40 -42 Since such studies have been carried out in more than one laboratory, it is unlikely that they are due to any systematic bias in the collection of subjects. The type of hearing disorder resulting from A7445G, T7510C or 7472insC is quite similar to that in A1555G families, hence it is also unlikely that our failure to identify more A1555G patients in Italy or the UK is because of a systematic bias in our own collection of patients, which did include patients with tRNA Ser(UCN) mutations. Note that 70% of UK cases and 40% of Italian cases studied were familial, so that we would have expected at least 10 -15% of them to test positive for A1555G, if the occurrence of the mutation as a cause of hearing impairment was comparable to that in Spain. This leaves two possible explanations for the discordance: environmental factors, such as unrecorded aminoglycoside use, A1555G being a known ototoxic risk factor, 43 or else other genetic factors, that is, multiple founder effects or systematic selection (A1555G being found in different mtDNA haplogroups 41 ). An unbiased evaluation of the population prevalence of A1555G in different European countries can perhaps address this issue. Nuclear genotypic differences also cannot be ruled out, but would, as far as we are aware, be unprecedented in such large and heterogeneous populations.
Other mtDNA polymorphisms and postlingual hearing impairment The pathological significance of novel, rare polymorphisms in single pedigrees is impossible to assess. While phylogenetic conservation or structural effects (for tRNA gene polymorphisms) are suggestive, they are not definitive. Ultra-rare or private polymorphisms need not be deleterious, whereas low-penetrance mutations are, by definition, found also among controls. Thus, A5568G might contribute to hearing impairment, whereas G7521A might not, or vice versa. The effect of mitochondrial (or, indeed, nuclear) genetic background may determine the issue in a given case. An increased number of rare polymorphisms has been reported among Finnish patients with sensorineural hearing impairment, compared with controls, consistent with at least some of them being mildly deleterious mutations contributing collectively to the phenotype. 44 The mtDNA polymorphisms reported here should be considered as possible candidates for involvement in hearing disorders, but there is at this time no compelling evidence to support any.
Mitochondrial haplogroup affiliations and hearing impairment
Previous authors have suggested mitochondrial haplogroup associations with various disorders 25 -29 or with longevity, 30, 31 and as a possible modifier of mitochondrial disease, 45 although contrary data also exist. 46 Our data suggest a possible distortion towards haplogroup cluster HV among patients with early-onset but postlingual hearing impairment, at least compared with population controls or patients with ARHI, although of borderline statistical significance. Previous associations with longevity 31 suggest that tightly age-matched controls might be needed to judge the issue definitively. One possible explanation for such a bias would be that other, as yet unidentified pathological mutations may have arisen on the HV background.
Conclusion
We found that 5% or more of cases of postlingual, nonsyndromic hearing impairment in two geographically distant regions of Europe are attributable to known mtDNA mutations. Collectively they thus represent one of most frequent genetic causes of hearing impairment, and therefore should be routinely screened for, especially as their identification has quite different genetic counselling implications from nuclear gene mutations. The possible deviation of mtDNA haplogroup frequencies among these patients suggests that mtDNA genotype might contribute to hearing impairment in an even larger proportion of cases. Further studies of large numbers of such patients is needed to evaluate the significance of possible haplogroup deviations.
